Many signaling pathways that contribute to tumorigenesis are also functional in pregnancy, although they are dysregulated in the former and tightly regulated in the latter. Transformation-related protein 53 (Trp53), which encodes p53, is a tumor suppressor gene whose mutation is strongly associated with cancer. However, its role in normal physiological processes, including female reproduction, is poorly understood. Mice that have a constitutive deletion of Trp53 exhibit widespread development of carcinogenesis at early reproductive ages, compromised spermatogenesis, and fetal exencephaly, rendering them less amenable to studying the role of p53 in reproduction. To overcome this obstacle, we generated mice that harbor a conditional deletion of uterine Trp53 and examined pregnancy outcome in females with this genotype. These mice had normal ovulation, fertilization, and implantation; however, postimplantation uterine decidual cells showed terminal differentiation and senescence-associated growth restriction with increased levels of phosphorylated Akt and p21, factors that are both known to participate in these processes in other systems. Strikingly, uterine deletion of Trp53 increased the incidence of preterm birth, a condition that was corrected by oral administration of the selective COX2 inhibitor celecoxib. We further generated evidence to suggest that deletion of uterine Trp53 induces preterm birth through a COX2/PGF synthase/PGF 2a pathway. Taken together, our observations underscore what we believe to be a new critical role of uterine p53 in parturition.
Introduction
Pregnancy is a complex process. Ovulation, fertilization, preimplantation embryo development, oviductal embryo transport, embryo implantation, uterine decidualization, placentation, and parturition are all critical, and failure at any of these stages compromises pregnancy outcome. Implantation is the first encounter between embryo and mother, while parturition is the end of this encounter, although soluble factors from the uterus and/or embryo influence the embryo-uterine dialogue prior to implantation. Therefore, implantation and parturition are - conceptually, physiologically, and clinically - distinct conundrums with different molecular and genetic signatures. Although implantation failure is a significant cause of infertility and a clinical issue in in vitro fertilization programs, preterm birth and prematurity are problems with consequences that continue beyond birth, posing huge long-term social and economic liabilities.
Premature delivery accounts for 75% of early neonatal morbidity and mortality, making this disorder a global clinical, social, and economic burden (1) . About 13 million premature births and more than 3 million stillbirths occur each year. Prematurity is a direct cause of nearly 30% of all neonatal deaths, totaling more than 1 million each year. In addition, many babies that survive premature birth suffer serious long-term disabilities (2) . According to the 2006 report of the Institute of Medicine, National Academies of Sciences, the total cost of preterm birth is estimated to be at least $26 billion a year in the United States (3) . Therefore, there is an urgent need to research new approaches for combating this public health concern.
In the present study, we used a mouse model of conditional deletion of uterine Trp53 to demonstrate that p53 deficiency conferred premature uterine senescence and promoted preterm birth.
Several signaling pathways that function during pregnancy are also active during tumorigenesis, the difference being their tight regulation during pregnancy but dysregulation during tumorigenesis (4) . Mutation of Trp53 is found in a variety of cancers (5) ; however, its roles in normal physiological processes, including female reproduction, remain poorly understood. A recent study reported that mice constitutively deleted of Trp53 (Trp53 -/-mice) have implantation failure caused by downregulation of uterine leukemia inhibitory factor (LIF) on day 4 of pregnancy (with day 1 defined as the day the vaginal plug forms) (6) . These systemic null mice, however, begin to die of cancer as early as 2 months of age (7), and a number of Trp53 -/-fetuses, especially females, die prematurely due to the development of exencephaly (8) . In addition, Trp53 -/-males have compromised spermatogenesis (9) . Such complications make these mice less than appropriate for studying female reproductive phenotypes devoid of other systemic and male effects. Therefore, we generated mice with conditional deletion of uterine Trp53 by crossing floxed Trp53 mice (Trp53 loxP/loxP mice; ref. 10) with progesterone (P 4 ) receptor-Cre (PR-Cre) transgenic mice (Pgr Cre/+ mice; ref. 11) and examined critical events during the course of pregnancy. Although all females with uterine deletion of Trp53 showed normal implantation, more than 50% had preterm birth with neonatal death associated with premature uterine senescence. Further studies to unravel the underlying mechanism revealed that p21 and phosphorylated Akt (pAkt) contributed to premature uterine senescence and that activation of the Akt/COX2 signaling pathway evoked premature birth. These results unravel what we believe to be a new role of p53 in parturition. We first confirmed that these dams had efficient deletion of uterine Trp53 (Figure 1 , A-D), with no sign of tumorigenesis in the uterus or other organs as we previously reported (12) , as opposed to that found in mice with global deletion of Trp53 (7) .
Results

Trp53 is efficiently deleted in uteri of
Ovulation, fertilization, preimplantation development, and implantation are normal in Trp53 loxP/loxP Pgr Cre/+ dams. We examined ovulation and fertilization in Trp53 loxP/loxP Pgr Cre/+ dams by flushing eggs and/or embryos on day 2 of pregnancy and found both processes to be normal (Supplemental Figure 3, A and B) . We also confirmed normal development of preimplantation embryos and their timely transport from the oviduct into uterine lumens of Trp53 loxP/loxP Pgr Cre/+ dams by recording the number of blastocysts retrieved in uterine flushings on day 4 of pregnancy (Supplemental Figure 3C) . Successful implantation is the result of reciprocal interactions between the blastocyst and the receptive uterus. The receptive state of the uterus is transient and is defined as the time at which the uterine environment is conducive to blastocyst acceptance and implantation. In mice, generalized stromal edema late on the morning of day 4 leads to uterine luminal closure, placing the blastocyst in close apposition with the luminal epithelium. This is followed by an intimate adherence of the blastocyst trophectoderm with the luminal epithelium (attachment reaction), marking the first discernible sign of implantation on the night of day 4, between 2200 h and 2400 h. The attachment reaction coincides with increased stromal vascular permeability at the site of the blastocyst and can be demarcated by distinct blue bands along the uterus after intravenous injection of a blue dye solution (13) . We found that Trp53 loxP/loxP Pgr Cre/+ dams had numbers of distinct implantation sites comparable to those of Trp53 loxP/loxP Pgr +/+ dams on the night of day 4 (data not shown). The implantation process in progress was also normal in Trp53 loxP/loxP Pgr Cre/+ dams on day 5 of pregnancy, as assessed by the blue dye method and histological analysis ( Figure 2 , A-C). COX2, encoded by Ptgs2, is an inducible rate-limiting enzyme required for the biosynthesis of prostaglandins (PGs). COX2 is expressed in the luminal epithelium and stroma exclusively at the site of blastocyst attachment and is critical for implantation (14) . We found that expression patterns of Ptgs2 mRNA and COX2 protein were similar between Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams during implantation ( Figure 2C and Supplemental Figure 4) .
Lif, an estrogen response gene, is required for uterine receptivity and implantation (15) . It is first expressed in uterine glands on the morning of day 4, then in the stroma surrounding the blastocyst at the time of the attachment reaction the night of day 4, persisting through the morning of day 5 (16) . Because reduced uterine Lif expression was previously reported to be the cause of implantation failure in Trp53 -/-dams (6), we compared uterine Lif expression between Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams on days 1 and 4 of pregnancy and found their expression patterns to be similar ( Figure 2D ). We also found comparable levels of uterine Lif expression in Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams on day 1 ( Figure 2E ), when the uterus is under the influence of preovulatory estrogen surge, as well as in ovariectomized uteri after estrogen treatment (Supplemental Figure 5 ). However, similar to the previous report (6), we found about 60% reduction in Lif expression levels in Trp53 loxP/loxP Pgr Cre/+ uteri on the morning of day 4, although these levels were comparable to those in Lif +/-dams ( Figure 2F ), which showed normal implantation and pregnancy (Supplemental Figure 6 and refs. 16, 17) . Because reduced uterine Lif expression sustained normal pregnancy in Lif +/-mice, we believe that a similar reduction in uterine Lif expression in Trp53 loxP/loxP Pgr Cre/+ mice would fail to prevent implantation. Furthermore, the stromal Lif expression pattern surrounding the blastocyst at the time of attachment on the night of day 4, also considered important for implantation (16, 17) , was normal in Trp53 loxP/loxP Pgr Cre/+ dams ( Figure 2D ). These findings show that reduced Lif expression levels in Trp53-deleted uteri on the morning of day 4 were not a limiting factor for implantation to occur, although this reduction could be detrimental to implantation in other conditions, as reported by Hu et al. (6) . Because the expression of Trp53 is primarily restricted to the stroma prior to and during implantation (18) , and because the stroma can influence epithelial phenotypes (19) , it is possible that some reduction in Lif expression levels on day 4 is secondary to stromal deficiency of p53 in Trp53 loxP/loxP Pgr Cre/+ mice. Figure 3G ). Together, these findings suggested a role for uterine p53 in normal decidual growth and led us to explore the mechanism by which uterine p53 deficiency limits decidual growth.
Heightened stromal cell proliferation, differentiation, and polyploidy are hallmarks of normal decidualization in mice; alteration in any of these processes may influence decidual growth. One major role of the deciduum is to accommodate and support the developing embryo. It was previously shown using an in vitro model of human decidualization that withdrawal of decidualization stimuli downregulates p53, but induces Akt activation (23, 24) . We also found increased levels of pAkt in implantation sites of Trp53 loxP/loxP Pgr Cre/+ mice on day 8 of pregnancy ( Figure 3, H and I ). These increased levels were consistent with immunostained pAkt-positive decidual cells in Trp53 loxP/loxP Pgr Cre/+ dams (data not shown). We also found increased levels of p110α, a catalytic subunit of PI3K, in the Trp53 loxP/loxP Pgr Cre/+ mice ( Figure 3, H and I) . A recent study shows that PIK3CA, which encodes p110α, has 2 alternate promoters, and p53 binds directly to one of them to inhibit its transcription (25) . In contrast, inactivation of p53 upregulates PIK3CA, resulting in enhanced PI3K activity with dams. In each group, 2-3 independent samples were examined (mean ± SEM; *P < 0.05). (H and I) Loss of p53 upregulated pAkt, p110α, and p21 levels in day 8 implantation sites. As assessed by Western blotting (H), quantitatively analyzed band intensities of pAkt were normalized against total Akt, and those of p110α and p21 were normalized against actin (I). In each group, 3 independent samples from different mice were examined (mean ± SEM; *P < 0.05).
increased levels of pAkt (25) . Therefore, our observations of increased levels of p110α and pAkt provide evidence that conditional deletion of Trp53 in the uterus stimulates PI3K activity, which in turn elevates pAkt levels.
We also found heightened expression of p21, a cyclin-dependent kinase inhibitor (Figure 3, H and I) . Normally, p21 is transcriptionally upregulated by p53 after DNA damage. However, p21 is also induced independently of p53 in multiple cell lineages with terminal differentiation during tissue development (26, 27) . In this respect, the function of p53 in developing tissues is different from its role in adult tissues. Since the growing deciduum is a maternal counterpart during embryo development, the roles of p53 and its targets in decidua may be similar to those in developing embryos. Stromal cells often enter the endoreplication cycle and become polyploid with p21 expression during normal decidual differentiation (28); therefore, the upregulation of p21 in Trp53 loxP/loxP Pgr Cre/+ uteri suggests that p53 deficiency stimulates decidual polyploidy, favoring terminal cell differentiation. In fact, we found numerous Ki67-positive decidual cells with large, irregularly shaped nuclei in Trp53 loxP/loxP Pgr Cre/+ dams ( Figure 4A ), and flow cytometry analysis confirmed substantial increases in decidual cells with a DNA complement higher than 2N in Trp53 loxP/loxP Pgr Cre/+ dams on day 8 of pregnancy ( Figure 4 , B and C). Taken together, these results provide evidence that uterine loss of p53 enhances the endoreplication cycle, ultimately pushing decidual cells toward terminal differentiation. Our findings are consistent with previous findings of increased numbers of polyploid cells in pancreases of Trp53 -/-pups (29), increased p21 expression in Trp53 -/-megakaryocytes during polyploidization (30) , and decreased Trp53 expression with terminal differentiation of developing tissues (31) . More interestingly, we found that enhanced terminal differentiation of decidua in Trp53 loxP/loxP Pgr Cre/+ dams was associated with increased senescence-associated β-galactosidase (SA-β-gal) activity ( Figure 4D ), suggestive of senescence-induced decidual growth restriction, in Trp53 loxP/loxP Pgr Cre/+ uteri. p21 is known to be a major contributor to senescence (32) , and Akt activation also induces senescence (33) . In addition, pAkt can enhance the stability of p21 protein through phosphorylation (34) . Thus, upregulated p21 and pAkt levels are likely causes of senescence-induced decidual growth restriction in mice with uterine deletion of Trp53.
Deletion of uterine Trp53 promotes preterm delivery. Despite this decidual growth restriction, Trp53 loxP/loxP Pgr Cre/+ mice did not show increased incidence of resorption or pregnancy loss even on day 16 of pregnancy ( Figure 5A ). However, as expected, implantation sites were smaller in Trp53 loxP/loxP Pgr Cre/+ dams ( Figure 5B ). Our observation of positive cytokeratin staining in the placenta, but its absence in the deciduum, clearly showed that decidual areas were smaller in Trp53 loxP/loxP Pgr Cre/+ dams compared with Trp53 loxP/loxP Pgr +/+ dams ( Figure 5C ), suggestive of reduced decidual growth and thickness. The weights of both embryos and placentas were also low in Trp53 loxP/loxP Pgr Cre/+ mice, despite comparable ratios of fetal to placental weight (Supplemental Figure 7) . More interestingly, we found that increased SA-β-gal activity was sustained in the decidual layer on days 12 and 16 ( Figure 5D ), and that levels of p21, a senescence-associated marker (32, 35) , were also upregulated in Trp53 loxP/loxP Pgr Cre/+ uteri on day 16 ( Figure 5 , E and F). These findings suggest premature uterine senescence in Trp53 loxP/loxP Pgr Cre/+ dams during pregnancy. Alterations in decidual -N (i.e., 2N, diploid; 4N-10N growth and SA-β-gal activity (data not shown) or placental and fetal weights (Supplemental Figure 8A ) in Trp53 loxP/loxP Pgr Cre/+ dams were independent of embryonic genotypes. In addition, SA-β-gal activity was undetectable in fetuses or placentas (data not shown). In parallel to heightened p21 levels, pAkt levels were also higher in Trp53 loxP/loxP Pgr Cre/+ uteri, probably resulting from increased PI3K activity caused by upregulated p110α in these mice ( Figure 5, E and  F) . This was reflected in increased signals of pAkt immunostaining in Trp53 loxP/loxP Pgr Cre/+ decidua (Supplemental Figure 9) . These findings suggest that p21 and pAkt cooperatively promote premature decidual senescence and growth restriction that in turn affect fetoplacental growth in Trp53 loxP/loxP Pgr Cre/+ dams. However, CD31-positve cells in the decidual vascular bed were comparable between Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams on day 16 (Supplemental Figure 9) .
Because ovarian hormones are known to influence pregnancy events, including decidual growth, parturition, and pregnancy outcome (36), we measured serum estradiol-17β (E 2 ) and P 4 levels in Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams at critical time points during pregnancy found them to be comparable between groups ( Figure 5G ). These hormone levels were consistent with functional corpora lutea with low and comparable levels of 20α-hydroxysteroid dehydrogenase (20α-HSD) in Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams on day 16 of pregnancy ( Figure 5 , H-J). This enzyme converts P 4 to an inactive metabolite and is a known marker of luteolysis (37) .
Although restricted decidual growth did not enhance the rate of resorption, a surprising event occurred: the incidence of premature birth significantly increased in Trp53 loxP/loxP Pgr Cre/+ dams ( Figure 6A) . Specifically, whereas all Trp53 loxP/loxP Pgr +/+ dams experienced labor late on day 19 or early on day 20 with viable offspring, more than 50% of Trp53 loxP/loxP Pgr Cre/+ dams delivered on days 17 or 18 (Table 1) , with 100% of newborn pups dying during labor or just after birth ( Figure 6B ). Furthermore, 75% of Trp53 loxP/loxP Pgr Cre/+ dams with preterm birth (9 of 12) showed signs of dystocia, with prolonged labor over a period of 12 hours (Table 1 ). The phenotype of preterm delivery was also observed in Trp53 loxP/loxP Pgr Cre/+ dams on a CD1 background (Supplemental Figure 10) , which suggests that this phenotype is not restricted to a specific genetic background. These findings led us to explore the underlying mechanism that triggers premature birth. 2 and PGF 2α participate in labor as contractile mediators (38) . The COX enzymes, COX1 and COX2, catalyze the rate-limiting step in PG biosynthesis from arachidonic acid (39) . COX1 and COX2 convert arachidonic acid to PGH 2 , which is subsequently converted to PGF 2α , PGE 2 , and PGI 2 by PGF synthase (PGFS), microsomal PGE synthase-1 (mPGES1, encoded by Ptges1), and PGI synthase (PGIS, encoded by Ptgis), respectively (40) . COX1-derived PGs are known to influence parturition in mice (41) . However, to our surprise, levels of uterine COX1 remained unaltered in Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams on day 16 ( Figure 6, C and D) . Instead, levels of COX2 were elevated in Trp53 loxP/loxP Pgr Cre/+ uteri compared with those in Trp53 loxP/loxP Pgr +/+ uteri on day 16 ( Figure 6, C and D) . It is highly probable that increased levels of COX2-derived PGs initiated the early onset of labor in Trp53 loxP/loxP Pgr Cre/+ dams in the face of unaltered COX1 levels. Indeed, levels of PGF 2α , but not other PGs, were significantly upregulated in Trp53-deleted uteri on day 16 of pregnancy ( Figure 6E ). Higher uterine PGF 2α levels in Trp53 loxP/loxP Pgr Cre/+ dams were independent of embryo genotypes (Supplemental Figure 8B ). This upregulation is consistent with selective increases of liver- and lung-type PGFS in Trp53 loxP/loxP Pgr Cre/+ compared with Trp53 loxP/loxP Pgr +/+ dams on day 16 ( Figure 6, C and D) . However, whereas levels of Ptges1 were lower in Trp53 loxP/loxP Pgr Cre/+ uteri, levels of Ptgis and Hpgd (encoding 15-hydroxyprostaglandin dehydrogenase; 15-HPGD) were not appreciably different (Supplemental Figure 11 ). It is known that liver- and lung-type PGFSs are highly expressed in the mouse uterus just prior to parturition (42) . PGF 2α is known to play an important role in the initiation of parturition in mice (43) . Studies in mice with deletion of PGF receptor FP (Ptgfr -/-) show that PGF 2α acts on ovarian FP receptors to induce luteolysis, leading to the fall in P 4 levels required for triggering labor (44) . PGE 2 and PGF 2α are primarily metabolized by 15-HPGD (45, 46) , and mice carrying 15-HPGD hypomorphic alleles show spontaneous preterm labor with increased levels of PGF 2α in the absence of luteolysis and P 4 withdrawal (47). We observed similar circulating levels of E 2 and P 4 in Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ dams without luteolysis on day 16 ( Figure 5 , G-J), which suggests that the onset of preterm labor in Trp53 loxP/loxP Pgr Cre/+ mice is caused by direct contractile effects of higher COX2-derived PGF 2α levels in the uterus, not by early luteolysis.
Deletion of uterine Trp53 provokes preterm delivery via the pAkt/COX2 pathway. In many species, PGs such as PGE
Oxytocin is uterotonic and acts via oxytocin receptor (OXTR; ref. 48 ), a contractile-associated protein that is upregulated during parturition (43) . Oxtr is not induced in Ptgfr -/-uteri during parturition (44) , which suggests that PGF 2α induces OXTR at the time of labor. Interestingly, mice deficient in oxytocin or OXTR apparently show normal parturition (49, 50) , raising questions regarding the critical roles of oxytocin/OXTR signaling in parturition in mice. We found a 45% increase in Oxtr expression in Trp53 loxP/loxP Pgr Cre/+ uteri on day 16 (Supplemental Figure 12A) , which suggests that perhaps increased PGF 2α levels stimulated OXTR expression to complement contractile effects. Because activation of Akt induces COX2 in the mouse uterus (12) , and because both COX2 and pAkt were clearly localized in Trp53 loxP/loxP Pgr Cre/+ decidual cells (Supplemental Figure 9) , it is highly likely that increased levels of uterine pAkt stimulate COX2-induced PGF 2α levels to initiate preterm labor. This is supported by the finding of reversal of preterm delivery and neonatal death in Trp53 loxP/loxP Pgr Cre/+ dams by oral gavage of the selective COX2 inhibitor celecoxib on day 16 (Figure 6, F and G) . Taken together, these findings reinforce that deletion of uterine p53 induces premature delivery via activation of the Akt/COX2/PGFS/PGF 2α signaling axis. Notably, cervical ripening was not evident in Trp53 loxP/loxP Pgr Cre/+ dams on day 16 of pregnancy (Supplemental Figure 12B ), in spite of heightened uterine PGF 2α levels. This suggests that preterm uterine contraction without cervical ripening contributed to dystocia in Trp53 loxP/loxP Pgr Cre/+ dams.
Discussion
The highlight of the present study is that conditional deletion of uterine Trp53 in mice promoted terminal differentiation of decidual cells and premature uterine senescence, leading to preterm birth with dystocia and neonatal death. Because pAkt and p21 are known to be involved in terminal cell differentiation and senescence in other systems (32, 33) , their increased levels in the deciduum missing p53 are likely causes of these observed effects. In pursuit of the underlying cause of premature birth, we found persistent signs of increased decidual senescence with increased levels of pAkt and COX2. Because pAkt is known to upregulate COX2 levels in various cell types, including uterine cells (12) , and because COX-derived PGs are crucial for the initiation of labor (38), we strongly believe that an early rise in uterine pAkt and COX2 levels initiated premature labor in Trp53 loxP/loxP Pgr Cre/+ dams. Our conclusion was supported by the observation of increased uterine levels of PGFS and PGF 2α in the face of unaltered levels of COX1 and other PGs in these mice and the rescue of their preterm births by oral administration of celecoxib on day 16. Collectively, our results provide evidence that uterine deficiency of p53 evokes premature uterine senescence and elevates COX2-derived PGF 2α levels that cooperatively trigger preterm birth (Figure 7 ).
Our present observation is in contrast to the finding of only an implantation phenotype in Trp53 -/-mice (6). The discrepancy between the prior study and our present one is likely due to different mouse models and/or experimental approaches used. However, the phenotype of difficult parturition in Trp53 -/-females was previously reported in a review article as unpublished observations (51) . Perhaps the parturition phenotype in Trp53 -/-mice remained unnoticed for such a long time because most previous studies focused on tumorigenesis; however, this needs to be considered for future investigations using Trp53 -/-females.
Lif, which is essential for implantation, is expressed in day 4 pregnant uteri at 2 different times (morning and night) in 2 different cell types (16) . Our observation of reduced uterine Lif expression at similar levels on the morning of day 4 in both Trp53 loxP/loxP Pgr Cre/+ and Lif +/-mice with normal implantation suggests that the mouse uterus is very sensitive to LIF. Thus, a lesser amount of LIF is sufficient for inducing implantation, similar to what was found for estrogen (52) . After implantation, however, Lif expression is at low basal levels (53) and not required for pregnancy maintenance (54) . In contrast, COX2 is expressed at several critical stages in a cell-specific manner during pregnancy. COX2 is expressed in the uterus not only at the time of blastocyst attachment (and is critical for this process; ref. 14), but also during decidualization and placentation, driving different functions. PGI 2 and PGE 2 are major PGs produced during implantation, decidualization, and placentation that participate in blastocyst attachment, trophoblast differentiation, and invasion via activation of the nuclear receptor PPARδ and/or the PGE 2 receptors EP2 and EP4 (55, 56) . Our present study shows that although uterine levels of COX2 were very low in Trp53 loxP/loxP Pgr +/+ dams on day 16 of pregnancy, levels of COX2 and PGF 2α significantly rose in Trp53 loxP/loxP Pgr Cre/+ dams on day 16, 1 day before the onset of preterm birth in these dams. The results suggest that the regulation of uterine LIF and COX2 are different during pregnancy. p53 has been considered the "guardian of the genome" during pregnancy (57) . One major role of the deciduum is to accommodate and support the developing embryo, and the roles of p53 in developing tissues are different from its roles in normal adult tissues or in cancerous tissues. Placental trophoblast cells in direct contact with the deciduum differentiate into large polyploid trophoblast giant cells. There is now evidence that downregulation of p53 leads to terminal differentiation of trophoblast cells (58) . Decreased Trp53 expression with terminal differentiation is also observed in developing organs in mouse embryos (31) . These and our present observations suggest differential roles of p53 between adult cells and cells during development.
Because PR is expressed in the myometrium (11), it is possible that myometrial deletion of Trp53 affects the parturition phenotype in Trp53 loxP/loxP Pgr Cre/+ dams. However, increased COX2 expression was restricted to decidua in Trp53 loxP/loxP Pgr Cre/+ dams, but was undetectable in the adjacent myometrium on day 16. Thus, COX2-derived PGF 2α produced in the decidua is likely to influence myometrial contractions as a paracrine effector. This would then suggest that decidual changes can be transmitted to the myometrium for initiating labor.
One major advantage of using mice with conditional deletion of uterine Trp53 over that of systemically Trp53-deleted mice is circumvention of the effects on Trp53-deleted embryos. Hu et al. found the most implantation failures when they crossed Trp53 -/-females with Trp53 -/-males (6). This is an important issue in light of the observed anomalies in Trp53 -/-embryos (8). Our present study found that decidual senescence and restricted growth was reflected in reduced growth of placentas and fetuses in Trp53 loxP/loxP Pgr Cre/+ dams. This reduced fetoplacental growth appears secondary to restricted decidual growth, as we did not notice any sign of senescence in placentas or fetuses in Trp53 loxP/loxP Pgr Cre/+ dams. This observation is consistent with the presence of Trp53 in placentas and embryos developing in Trp53 loxP/loxP Pgr Cre/+ dams (Supplemental Figure 13 ). In addition, the ratio of Trp53 loxP/loxP Pgr +/+ to Trp53 loxP/loxP Pgr Cre/+ genotype was comparable between live and dead pups born to Trp53 loxP/loxP Pgr Cre/+ dams (data not shown), which suggests that fetal death in Trp53 loxP/loxP Pgr Cre/+ dams is independent of embryo genotype.
Our observations of senescence-associated uterine growth restriction and preterm birth with conditional deletion of uterine Trp53 have uncovered a critical role of p53 in uterine biology and parturition involving the p21/Akt/COX2 pathway ( Figure 7 ). This may then connect the observations that women at age 35 or older are at higher risk of premature birth (1) and that p53 activity diminishes in mice as they age (59) .
Although inflammation and bacterial infection is considered a major cause of preterm labor in humans, many other causes remain unknown. Mice are often used to study the role of inflammation in preterm labor. However, mouse models for studying spontane- 
Figure 6
Uterine deletion of Trp53 promotes preterm birth through COX2/PGFS/PGF2α pathway. (A) Preterm birth (deliveries earlier than day 19) occurred in 52% of Trp53 loxP/loxP Pgr Cre/+ dams (*P < 0.05). Numbers in parentheses denote the ratio of dams with preterm birth/total dams. (B) All pups born before day 19 were dead around the time of delivery or died immediately after birth (*P < 0.05 versus Trp53 loxP/loxP Pgr +/+ ). Numbers in parentheses denote the ratio of dead pups/total pups. (C and D) Levels of COX2 and PGFS were upregulated in day 16 uteri lacking p53. (C) Uterine samples from which placentas and fetuses had been removed were used for Western blotting, and (D) quantitative analysis of band intensities were all normalized against actin (mean ± SEM of 3 independent samples from different mice; *P < 0.05). (E) Conditional loss of uterine p53 upregulated PGF2α levels in day 16 uteri. A total of 15 independent samples from 3 different mice were evaluated (mean ± SEM; *P < 0.05). (F and G) Preterm birth and neonatal deaths in Trp53 loxP/loxP Pgr Cre/+ mice were reversed by oral gavage of celecoxib (10 mg/kg/dose, administered twice) on day 16. In G, numbers in parentheses denote the ratio of dead pups/total pups. *P < 0.05 versus vehicle-treated Trp53 loxP/loxP Pgr +/+ ; **P < 0.05 versus vehicle-treated Trp53 loxP/loxP Pgr Cre/+ . ous preterm labor are very limited (43) , since most mouse models, unlike humans, require P 4 withdrawal for initiating labor. Therefore, we believe Trp53 loxP/loxP Pgr Cre/+ mice serve as a novel model to study the underlying mechanism of spontaneous preterm labor without P 4 withdrawal, which may be relevant to determining the causes of premature birth in humans. Analysis of ovulation, fertilization, implantation, and blastocyst transfer. Mice were examined for ovulation, fertilization, and implantation as described previously (14, 36) . Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ females were mated with Trp53 loxP/loxP Pgr +/+ fertile males to induce pregnancy. The day the vaginal plug was formed was considered day 1 of pregnancy. To examine ovulation and fertilization, mice were sacrificed on day 2 of pregnancy, oviducts were flushed with Whitten's medium to recover ovulated eggs, and fertilization was assessed by the number of 2-cell embryos recovered. To examine preimplantation embryo development and oviductal embryo transfer, mice were sacrificed on day 4 of pregnancy and uteri were flushed with Whitten's medium to recover blastocysts. To examine the attachment reaction and implantation, pregnant dams were sacrificed on day 4, 2200 h, and day 5, 0900 h, respectively. Implantation sites were visualized by intravenous injection of a Chicago blue dye solution, and the number of implantation sites - demarcated by distinct blue bands - was recorded. For blastocyst transfer, pseudopregnant recipients were generated by mating females with vasectomized males. Day 4 Trp53 loxP/loxP Pgr +/+ blastocysts were transferred into day 4 uteri of Trp53 loxP/loxP Pgr +/+ or Trp53 loxP/loxP Pgr Cre/+ pseudopregnant recipients, and implantation sites were examined 96 h later (day 8).
Analysis of parturition. Parturition events were monitored from day 17 through day 21 by observing mice daily, morning, noon, and evening. Preterm birth was defined as birth occurring earlier than day 19 of pregnancy. Dystocia was defined as difficult delivery lasting more than 12 hours. The selective COX2 inhibitor celecoxib was suspended in 0.5% (wt/vol) methylcellulose and 0.1% (vol/vol) polysorbate 80 dissolved in water by constant stirring and was given by oral gavage twice on day 16 of pregnancy (10 mg/kg/dose). This dose of celecoxib is known to selectively inhibit COX2 (60) . The control group received vehicle alone.
Estrogen treatment. To determine the effects of uterine p53 deficiency on estrogen-induced uterine Lif expression, Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ females were ovariectomized and rested for 2 weeks. They were then given a single subcutaneous injection of E2 (100 ng in 0.1 ml oil per mouse; ref. 14) . The control group of mice received only the vehicle (0.1 ml oil). Mice were killed after 24 hours, and uteri were collected for Northern hybridization.
Preparation of decidual cells. Decidual tissues were isolated from day 8 pregnant mice after dissecting out the embryos. Isolated decidual tissues were passed through various gauges of needles to prepare single-cell suspensions for flow cytometry analysis.
In situ hybridization. Paraformaldehyde-fixed frozen sections were hybridized with 35 S-labeled cRNA probes as described previously (13) . To compare mRNA localization between Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ tissues, sections of tissues from both genotypes were placed onto the same slide and processed for hybridization. Mouse-specific cRNA probes for Ptgs2, Lif, Hoxa10, and Bmp2 were used for hybridization.
Northern hybridization. Total RNA (6 μg) was denatured, separated by formaldehyde-agarose gel electrophoresis, and transferred onto nylon membranes. Cross-linked blots were prehybridized, hybridized, and washed as described previously (13) . 32 P-labeled cRNA probes for mouse Trp53, Lif, Hoxa10, Bmp2, Ptges1, Ptgis, Hpgd, and Rpl7 were used for hybridization. The hybrids were detected by autoradiography. Rpl7 served as a housekeeping gene. The same blots were used for quantitative analyses of each mRNA.
Western blotting. Protein extraction and Western blotting were performed as described previously (12) . Antibodies to p53 (Santa Cruz Biotechnology), actin (Santa Cruz Biotechnology), pAkt (Ser473; Cell Signaling), total Akt (Cell Signaling), p110α (Cell Signaling), p21 (Santa Cruz Biotechnology), 20α-HSD (gift from G. Gibori, University of Illinois at Chicago), COX1 (gift from D. DeWitt, Michigan State University, East Lansing), COX2 (Cayman), and liver- and lung-type PGFS (gifts from K. Watanabe, University of East Asia, Shimonoseki, Japan) were used. The same blots were used for quantitative analyses of each protein. Bands were visualized by using an ECL kit (GE Healthcare). Actin served as a loading control.
Immunohistochemistry. Immunostaining of p53, PR, COX2, Ki67, pAkt, cytokeratin, and CD31 was performed in formalin-fixed, paraffin-embedded sections using specific antibodies to p53 (Lab Vision Cooperation), PR (Invitrogen), COX2 (generated in our laboratory), Ki67 (Lab Vision Cooperation), pAkt (Ser473; Cell Signaling), cytokeratin-8 (Developmental Studies Hybridoma Bank), and CD31 (Santa Cruz Biotechnology), as described previously (12) . To compare intensity of immunostaining between Trp53 loxP/loxP Pgr +/+ and Trp53 loxP/loxP Pgr Cre/+ tissues, tissue sections from both genotypes on each day of pregnancy were processed onto the same slide.
Figure 7
Potential pathways that promote uterine senescence and preterm birth in Trp53 loxP/loxP Pgr Cre/+ mice.
